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Lasers based on semiconductor colloidal quantum wells (CQWSs) have attracted wide attention, thanks to
their facile solution-processability, low threshold and wide range spectral tunability. Colloidal microlasers
based on whispering-gallery-mode (WGM) resonators have already been widely demonstrated. However,
due to their microscale size typically supporting multiple modes, they suffer from multimode competition
and higher threshold. The ability to control the multiplicity of modes oscillating within colloidal laser reso-
nators and achieving single-mode lasers is of fundamental importance in many photonic applications.
Here we show that as a unique, simple and versatile architecture of all-colloidal lasers intrinsically enabled
by balanced gain/loss segments, the lasing threshold reduction and spectral purification can be readily
achieved in a system of a WGM-supported microfiber cavity by harnessing the notions of parity—time
symmetry (PT). In particular, we demonstrate a proof-of-concept PT-symmetric microfiber laser employ-
ing CQWs as the colloidal gain medium along with a carefully tuned nanocomposite of Ag nanoparticles
(Ag NPs) incorporated into a PMMA matrix altogether and conveniently coated around a coreless
microfiber as a rigorously tailored colloidal loss medium to balance the gain. The realization of gain/loss
segments in our PT-symmetric all-colloidal arrangement is independent of selected pumping, reducing
the complexity of the system and making compact device applications feasible, where control over the
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pumping is not possible. We observed a reduction in the number of modes, resulting in a reduced
threshold and enhanced output power of the PT-symmetric laser. The PT-symmetric CQW-WGM micro-
cavity architecture offers new opportunities towards simple implementation of high-performance optical

rsc.li/nanoscale resonators for colloidal lasers.

Introduction

Lasers based on solution-processed materials have attracted
intensive scientific and technological interest owing to their
unique advantages including low-cost synthesis and processa-
bility and precise control of the emission wavelength enabling
lasing in different colors."”> Among solution-processable
materials thus far studied for lasing applications, CQWs have
gained considerable attention recently thanks to their attrac-
tive properties including large absorption cross-section,® giant
oscillator strength,® giant gain cross-section,” large material
gain coefficient,® and ultra-narrow emission spectra resulting
from suppressed inhomogeneous broadening due to synthetic
control over the vertical thickness of CQWs in the ensemble.”
Previously, various heterostructures of CQWs have been used
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as active media in optical gain and laser applications, integrat-
ing their closely packed solid films into various optical resona-
tor structures. These specifically include active waveguides,®
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vertical-cavity surface-emitting lasers,”'® on-chip cavities,"
and WGM resonators.'**?

One of the main challenges in the development of laser
cavity configurations is to design a high quality-factor
(Q-factor) and large resonant mode overlapping with the gain
medium (I)."* Large Q and I can result in strong coupling
between the active material and cavity resonance mode, which
paves the way for a narrow linewidth and low-threshold
lasers.”'® WGM resonators have been found to be highly
efficient optical cavities achieving high Q-factors, resulting
from the total internal reflection at a high refractive index con-
trast dielectric/environment boundary.'”® A large number of
resonator structures support WGMs with high Q-factors
including microtoroids,'® microspheres,?® and microdisks.”*
These WGM structures have proven to be beneficial in many
applications ranging from low-threshold lasers'*?* to optical
frequency combs* and to environmental and particle
sensors.”* Since their realization, a significant amount of
research on WGM resonators has focused on the control of the
directionality of out-coupled light. This challenge originates
from the fact that the high confinement results from near-
unity reflection at the boundary, which makes these resonators
at the same time beneficial, but at the cost of isotropic out-
coupling through evanescent leakage at the boundary. It has
previously been reported that, in a WGM microfiber structure,
this emission can effectively be guided along the length of a
coreless SiO, microfiber, achieving a high level of directional-
ity thanks to strong waveguiding behavior."? This resonator
structure is an excellent candidate for a variety of applications
such as low-threshold lasers, environmental and particle
sensors, biosensing, and biophotonics.

Similar to other microscale resonators, WGM microfiber
cavities, however, support multiple modes, while having little
control over mode discrimination with conventional tech-
niques. Obtaining spectral purity in such cavities is fundamen-
tally challenging and requires high precision and greater com-
plexity of the design. Engineering stable spectral purity of mul-
timode resonators is critical for environmental, biological and
nanoparticle sensing applications.*>*® Additional steps must
be taken in order to quench competing parasitic modes. This
can be achieved in a number of ways, for example, by spatially
modulating the pump,'’ coupling to detuned external cav-
ities,”” incorporating intracavity dispersive elements such as
distributed Bragg mirrors or distributed feedback gratings,?®
or extreme light confinement in subwavelength structures.”
However, not all of these approaches are practically applicable
to every class of resonators, since further constraints are intro-
duced by each of them in terms of design, fabrication toler-
ance and complexity. Clearly, it is important to find alternative
strategies through which mode purification can be established
both in a versatile manner and without any negative impact on
the overall efficiency.

Meanwhile, the capabilities of WGM resonators have made
them an excellent candidate to utilize the developments of
non-Hermitian and parity-time (PT) symmetric optics and
photonics.>**! PT-symmetry was proposed in quantum mech-
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anics as an alternative for non-Hermitian Hamiltonians
H' # H, which possess a real eigenspectrum.’* The equiva-
lence between the electromagnetic wave equation and the
Schrodinger equation in quantum mechanics has made optics
an ideal platform for investigating the fundamentals of PT-
symmetry,*** with non-Hermiticity manifested by optical gain
and loss. Investigation of PT-symmetry offers an opportunity to
advance laser science by judicious manipulation of optical pro-
perties such as gain and loss, refractive index, and modal coup-
ling to control light transport. Recently there have been reports
in which colloidal quantum dots have been used as the gain
media in PT-symmetric structures.”>*> In all of these previous
reports, however, the loss medium is achieved by selected
pumping, where the section of the structure with the same gain
material that is not excited acts as the loss medium. This
method results in limitations in terms of geometrical design con-
cepts and prevents obtaining compact devices for practical appli-
cations, where only controlled excitation is allowed.

In this work, we propose and demonstrate the ability to
control the spectral purity in a microfiber-based WGM resona-
tor enabled by all-colloidal media of both gain and loss care-
fully tuned for exploiting the PT symmetry-breaking concept.
Here a custom-tailored nanocomposite of Ag NPs in a PMMA
host is used as a loss medium with an effective complex refrac-
tive index equal to that of the CQW film in magnitude but
opposite in sign at the emission peak wavelength that
addresses the problems of complex pumping schemes. The
coreless fiber-based WGM resonator consists of a novel PT-
symmetric design. Here delicate manipulation of the gain and
loss regions around the microfiber enables two energy-degen-
erate modes, the non-oscillating loss mode and the oscillating
gain mode, whereas all higher-order modes experience a
balanced gain/loss modulation, and thus remain below the
lasing threshold. This unique PT-symmetric WGM cavity
addresses the problem of parasitic mode competition between
higher order modes and allows us to achieve a lower lasing
threshold of ~ 32 uJ em™2 compared to the control CQW-WGM
microfiber laser without PT-symmetric design. This particular
cavity architecture of low-cost, all-colloidal, compact, low-
threshold, directional and spectrally pure PT-symmetric WGM
microfiber lasers is an excellent candidate for a wide range of
applications. Benefiting from all the advantages of optical
fiber sensors with stable single-mode operation, the demon-
strated laser showcases a key building block for high-sensi-
tivity environmental and particle sensors.

Results and discussion

PT-symmetry can be obtained in photonic systems if the
complex refractive index distribution n(7) = ng(7) + iny(7¥)
obeys n(F) = n*(—7).** Such a system can be realized in the
form of a coupled arrangement with only one of the two parallel
channels being optically active to provide gain for the guided
light, whereas the neighbor arm experiences loss.*® If PT-sym-
metry is preserved, the modes remain neutral neither decaying
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nor growing. Once the gain/loss is increased beyond the coupling
between two channels, this symmetry is broken, and the respect-
ive modes experience gain or loss in pairs.*® This phenomenon
of phase transition helps to control the modes in our proposed
all-colloidal CQW-WGM microfiber laser.

We consider a coreless microfiber with a diameter of
125 pm coated with a 1 pm thick loss and gain medium as
shown in Fig. 1a. The optical interaction between two adjacent
loss/gain rings on the surface of the microfiber is mediated by
the mutual overlap of their electric fields. The proposed struc-
ture creates a local PT arrangement in the radial direction,
which can annihilate the higher-order competing radial WGM
modes of the microfiber (see the ESI} for details).

Here we performed full electromagnetic simulations via a
commercially available software package (Lumerical finite-
difference time-domain and mode solutions). In our numerical
simulations, we modeled the gain medium with a complex
index (ncqw) of 1.88 — i0.04 and the loss medium with a
complex index (Mcomposite) Of 1.88 + i0.04 at 650 nm according
to our experimental characterization using the ellipsometry tech-
nique (see the ESIf for details). As shown in Fig. 1b, the complex
eigen spectra extracted from the numerical eigenmode simu-
lations (see the ESI} for details) of the system in the radial direc-
tion show that the rotational symmetry of the microfiber struc-
ture facilitates unique thresholdless PT-symmetry breaking,
giving different modal gain and loss coefficients. Fig. 1c shows
the modal intensity profile of the lasing and absorption modes
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in the PT-symmetric resonator. The numerical results show that
the fundamental mode is in the PT-broken phase, evolving into
paired lasing and absorption modes mostly distributed in the
gain and loss regions, respectively. On the other hand, as shown
in Fig. 1d, the higher order radial modes remain in the PT-sym-
metric regime, experiencing balanced gain/loss modulation and
are thus suppressed below the lasing threshold. Increasing the
thickness of gain and loss layers over 1 pm can make this behav-
ior possible for higher order modes.

Fig. 1le shows the electric field intensity obtained from
finite-difference time-domain (FDTD) simulations (see the
ESIY} for details) for the control sample with a sole 1 pm CQW
gain layer around the microfiber (according to our experi-
mental observations, lasing below 1 pm thickness is not
achievable in this resonator). This geometry shows a strong
evanescent field penetration into the coreless microfiber,
resulting from the coupling of emission into the microfiber
modes. This will result in field overlap reduction in the gain
medium, deteriorating the gain performance. The modal ana-
lysis shows that four radial transverse electric modes are sup-
ported within the CQW layer around the microfiber (Fig. 1f).
These modes will compete with each other resulting in multi-
mode lasing with higher thresholds.

Here, in a PT-symmetric structure based on colloidal gain,
we used an inherent loss medium based on colloidal plasmo-
nic Ag NPs (see the ESIT for the synthesis method) integrated
into a PMMA host to obtain an engineered nanocomposite
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Fig. 1 (a) Schematic illustration of the PT-symmetric all-colloidal microfiber laser. The diameter of the microfiber resonator is 125 ym, and the
thicknesses of the colloidal quantum well (CQW) gain layer and Ag NPs/PMMA nanocomposite loss layer are 1 pm. (b) Complex conjugate imaginary
eigenspectra of the two modes as a function of the gain/loss at 650 nm determined by numerical modelling, showing a thresholdless PT-symmetry
breaking. (c) Eigen-electric field intensity profiles of paired lasing and absorption fundamental modes. (d) Eigen-electric field intensity profiles of
higher order modes, which are evenly distributed between the gain and loss regions. (e) Cross-sectional electric field intensity profile of the control
sample with only 1 pum CQW coating around the coreless microfiber. (f) The supported eigen-electric field intensity profiles inside the 1 pm thick

CQW coating in the control sample.
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with the desired complex refractive index. To produce an
effective medium, the diameter (D) of Ag NPs should be much
smaller than the wavelength of light propagating inside this
medium (D < A/neg = 342 nm). As shown in Fig. 2a, the trans-
mission electron microscopy (TEM) image of these Ag NPs fea-
tures a size range smaller than 30 nm. The absorbance of Ag
NP solution in toluene peaks at 410 nm (Fig. 2b), corres-
ponding to a size of about 20 nm. The Ag NP-PMMA suspen-
sion was spin-coated on a silicon substrate with a thickness of
100-300 nm. The SEM image of the nanocomposite deposited
on the silicon substrate exhibits a uniform distribution of Ag
NPs in the PMMA matrix (Fig. 2c). Films with different concen-
trations of Ag NPs in PMMA were prepared to study the influ-
ence of concentration on the optical properties of the nano-
composite. Optical characterization was carried out by trans-
mission measurements on the nanocomposite films deposited
on transparent fused silica substrates using a commercial
spectrophotometer (Cary 60 UV-Vis). The measured trans-
mission spectra were fitted with the following equation to
extract the density N (m ™) of embedded Ag NPs:

4,
I=Iyexp|—ap|1— gnr N | = (Cabs + Csca)N |t (1)

where ¢ is the thickness of the nanocomposite, r is the radius
of Ag NPs, ay is the extinction coefficient of the host medium
(PMMA) deposited on the fused silica substrate, and C,ps and
Caca are the absorption and scattering cross-sections of
Ag NPs, calculated based on Mie theory. Here, I = I,exp

View Article Online
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[~ao(1 — 4/3n’N)]t defines the power absorbed or scattered by
the host material excluding the volume occupied by the Ag
NPs and I = Iy exp[—(Caps + Csca)NJt corresponds to extinction
by the Ag NPs. In this way, we can approximately find the
filling factor (f) of Ag NPs inside the nanocomposite. Fig. 2d
shows the experimental transmission spectra of nano-
composite samples deposited on a 4 cm” fused silica substrate
with different filling factors of Ag NPs. The nanocomposite
with f= 7.1% exhibits a minimum at 430 nm due to the loca-
lized surface plasmon resonance (LSPR) phenomenon, which
corresponds to a particle size of 30 nm. Considering the fact
that PMMA and toluene have very close refractive indices of
1.488 and 1.493, respectively, the same LSPR wavelength in the
nanocomposite film with the Ag NP solution in toluene
(410 nm) was expected. The observed red shift of the LSPR
wavelength in the film compared to the solution stems from a
small amount of agglomeration of smaller Ag NPs. The higher
red shift in other samples is an indicator of higher agglomera-
tion, which should be avoided by a slower rate of addition of
the Ag NP solution to PMMA and a longer stirring time.

For our study, CdSe/Cdy 34Zng 66S core alloyed hot-injection
(HI) shell CQWs have been synthesized according to our recent
procedure (see the ESIf for details)."”*” To produce highly
emissive, spectrally narrow, environmentally stable and near-
unity efficiency core/shell CQWs, we have grown thick graded-
shell on CdSe core seeds using the HI technique. These HI-
grown graded-shell CQWs were shown to exhibit near-unity
photoluminescence quantum yield (PL-QY) and high photo-
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(@) TEM image of plasmonic Ag NPs. (b) Absorbance of a solution of Ag NPs in toluene. (c) SEM image of the Ag NP/PMMA nanocomposite

deposited on a silicon substrate. (d) Transmission spectra of the AgNPs-PMMA nanocomposite deposited on a fused silica substrate for different
samples with different filling factors of Ag NPs. Black line corresponds to the experimental data and the red one corresponds to the numerical fit. (e)
Photoluminescence (PL) and absorbance spectra of CdSe/Cdg 34Zng.66S core/HIS CQWs. Inset: High-resolution transmission electron micrograph of

these CQWs (scale bar: 20 nm). (f) Effective complex refractive index of th
solid lines and dashed lines, respectively. Black and red refer to the real and
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e CQW film and Ag NPs-PMMA nanocomposite (f = 7.1%) film shown by
imaginary parts, respectively.
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Fig. 3 (a) SEM image of the coreless microfiber coated with the Ag NPs/PMMA nanocomposite and CQWs. (b) SEM image of nanocomposite
coated around the coreless microfiber (partially peeled off the microfiber surface due to the applied pressure during SEM imaging). (c) An enlarged
image of the coated coreless microfiber showing the CQW and nanocomposite layers. (d) CQW coating on the coreless microfiber. PL image (e)
along the axis of the microfiber at the thickest point, (f) at the cross-section normal to the axis of the microfiber, and (g) three-dimensional con-
struction of the PL images for a length of 250 um (obtained by confocal imaging).

and thermal-stability. The large lateral size and compositional
gradient shell reduces Auger recombination and enables a low-
threshold for laser action.*® Fig. 2e PL and absorption spectra
of our CQWs. The two excitonic features in the absorbance
spectra located at 640 and 540 nm correspond to the electron-
heavy hole and electron-light hole transitions, respectively.

The measured complex refractive index of the CQW film
using ellipsometry is shown in Fig. 2f (solid lines). The
complex refractive index (ney) of the Ag NPs-PMMA nano-
composite can be estimated based on the obtained f from
transmission analysis, using the Bruggeman effective medium
theory (EMT):*

em — (&) -

EPMMA — <8>
em + 2(¢) @)

epmma + 2(€)

where (e) is the effective relative dielectric constant of the
nanocomposite film, &, is the relative dielectric constant of Ag
NPs, and epyma iS the relative dielectric constant of PMMA
(Fig. S2t). The dielectric constant of Ag NPs is approximated
by the Drude model, with the resulting averaged permittivity:

2
@p

gm(w) = €00 — m

(3)

Here the dielectric constant ¢,, represents the contribution
of the vacuum and interband electronic transitions, w,” = ne’/
me, is the bulk plasmon frequency, where n is the density of

This journal is © The Royal Society of Chemistry 2022

free electrons, e is the charge, and m is the mass of the elec-
tron."® The size-dependent damping frequency is as follows:

r(r) =7+ A% (4)

where y, is the bulk damping frequency, v is the Fermi velocity
and A is the theory-dependent parameter that includes the
details of the scattering process.*® The utilized material para-
meters for silver are as follows: w, = 9.5 eV, e, = 5.2, vy = 1.4 %
10° m s™', 4 = 1, and y, = 0.098 eV.*"*> Our calculations indi-
cate that the filling factor of Ag NPs equal to f= 7.1% in a
PMMA host medium gives a complex refractive index with the
same real part in the magnitude as the CQW film at 650 nm,
and a slightly larger imaginary part to overcome the deviations
from the perfect PT-symmetry (see the ESI for details, Fig. S1
and S27). This implies that the gain experienced in the CQW
film can be balanced by the loss in the nanocomposite film.
For a proof-of-concept demonstration, we fabricated PT-
symmetric CQW-WGM fiber microcavities by coating the nano-
composite and CQW layers around pieces of a coreless SiO,
microfiber (with a diameter of 125 um), as shown in Fig. 3a.
First, a uniform film of the nanocomposite with 7.1% Ag NPs
and a radial thickness of ~ 1 pm was coated around a microfi-
ber sample using the dip-coating technique, as shown in
Fig. 3b. The thickness of this layer was controlled by dip-
coating parameters (see the ESIf for details). Then, close-
packed solid films of CQWs were coated via adhesion. Thanks

Nanoscale, 2022, 14,13755-13762 | 13759
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to the insoluble nature of PMMA in hexane, CQW coating on
top of the composite layer by not damaging the uniformity of
the AgNP-PMMA composite film is possible via the dip-coating
method. The composite coated microfiber was dipped into a
highly concentrated hexane solution of CQWs to obtain a
thickness of ~1 pm. The thickness was controlled by the con-
centration of this dispersion (see the ESIf for details). The
SEM image in Fig. 3c confirms a uniform and layer-by-layer
deposition of the nanocomposite and CQW layers consecu-
tively. The control sample was prepared by dipping the bare
coreless microfiber pieces into the CQW solution of the same
concentration, which gave a thickness of ~ 1 um as shown in
Fig. 3d. The PL reconstruction of the microfiber laser in 2D
(Fig. 3e and f) and 3D (Fig. 3g) was performed with a high-
resolution confocal micro-photoluminescence setup (see the
ESIt for video illustration). These images clearly show that the
fabricated microfiber laser has a very uniform and spotless
coating over hundreds of micrometers, which will minimize
the scattering losses of the supported WGM modes.

The microfiber laser was pumped with single-photon
absorption (1PA) excitation (dexe = 400 nm) at ultralow exci-
tation levels. The experimental setup is shown schematically
in Fig. 4a, which shows the side-pumping scheme and depicts
the directionality of the output emission (see the ESI{ for
details). In contrast to end pumping, side pumping is easier to
handle for direct coupling. The side-pumping scheme results
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in a strong coupling between the gain medium and the micro-
cavity, which is desirable for many applications, including bio-
medical sensors®® and microring lasers.">** Furthermore, the
short round-trip-time nature of the fiber microcavity makes it
easier to overcome intracavity losses and facilitates lasing. As a
result, the side-pumped cylindrical microcavities can support
WGMs and Fabry-Pérot (F-P) modes, both of which may have
very low losses in our control sample as observed previously in
semiconductor and metal-organic lasers,***> while the latter
will be extremely suppressed in our PT-symmetric arrange-
ment. The coherent laser emission of the CQW-WGM microfi-
ber laser is shown in Fig. 4b with a well-defined laser spot.
Even though the emission of a WGM resonator is omnidirec-
tional, this emission is effectively guided along the length of
the SiO, microfiber to its end, indicating the high directional-
ity of our microfiber-based WGM resonator.

We experimentally address the desirable features suggested
by our theoretical analysis by performing quantitative analysis
of the laser performance. The lasing behavior of our PT-sym-
metric and control samples was characterized by measuring
the emission spectra from the resonators at different pump
fluences, as shown in Fig. 4c. The control sample resulted in
multimode lasing with a lasing threshold of 85 pJ cm™>. In the
PT-symmetric resonator, the lasing mode emerges above the
threshold of 32 pJ cm™?, creating a pronounced single-mode
lasing with a full-width at half-maximum (FWHM) of » 0.7 nm
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Fig. 4 (a) Schematic of the experimental setup. (b) Image of the resulting output laser spot after the long-pass filter and lens from the optically
excited fiber. (c) Luminescence spectra of the control sample and PT-symmetric sample under 1PA excitation. (d) Linewidth of emission for the PT-
symmetric sample extracted from Gaussian fits for the lasing spectra as a function of the pump fluence. The inset shows the measured spectra of
the laser at various pumping energy densities. (e) Characteristic light—light graph of the control and PT-symmetric microfiber resonators. (f)
Spectrally resolved plots comparing the intensities emitted in the desired mode from the Pt-symmetric resonator and control samples.
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(the linewidths are extracted from Gaussian fits for the
measured lasing spectra, see Fig. S6T) as shown in Fig. 4d,
whereas other WGM modes are all below the lasing threshold
and are strongly suppressed. As expected from the simulation
results, in the PT-broken phase, the number of competing
modes in the radial direction has reduced which results in
efficient coupling of emission into the fundamental lasing
mode, reducing the threshold despite introducing loss into
the system. Above the threshold up to 42 pJ em™>, the oper-
ation is fully single mode. However, the PT-arrangement in the
radial direction does not suppress the longitudinal WGM
modes along the ring. Hence, by increasing the pump fluence
further, other longitudinal WGM modes with fundamental
radial mode, which are in the PT-broken phase and within the
gain spectrum of the material will overcome the cavity losses
and kick in (Fig. S51). The side mode suppression ratio (SMSR)
of the laser at the saturation pump fluence is ~ 6 dB.
Compared to the control sample in Fig. 4c, there is a signifi-
cant improvement in the SMSR, and the number of modes has
been reduced. Engineering the field distribution of the mode
inside the gain medium in the radial direction has resulted in
a high Q-factor of 930 due to the strong coupling of photons
into the single fundamental mode in the radial direction in
the PT-symmetry broken phase, leading to lasing threshold
reduction and spectral purification compared to the control
sample. In addition, the low roughness of deposited layers on
the microfiber achieved over hundreds of micrometers of the
length of the fiber (see the ESIT for illustration) helps in redu-
cing scattering losses, and consequently increasing the
Q-factor. It is also worth noting that, the threshold and quality
factor may possibly be further improved by reducing the fabri-
cation errors and surface roughness in deposition of the layers
on the microfiber.

The pump fluence-dependent integrated intensity curves of
control and PT-symmetric samples are shown in Fig. 4e. A
characteristic change in the slope indicating that the lasing
threshold can be seen with an S-curve profile of the lasing
emission displaying gradual saturation at the elevated pump
levels. The PT-symmetric sample shows a lower threshold and
a higher level of output intensity compared to the control
sample. One should note that, even in the absence of PT-sym-
metry, any resonator can exhibit single-mode operation,
proving that the losses overcome the gain for all except one
dominant mode. However, in this regime, the threshold will
increase and the amplification cannot exceed the lossless reso-
nator. In Fig. 4f, a spectrally resolved response of these two
samples shows that the PT-symmetric resonator offers superior
performance because the output power of the desired mode is
higher, while emission from the control sample includes con-
tributions from several modes.

The lasing threshold and spectral response of our all-col-
loidal PT-symmetric microfiber laser compare well with or
prove better than those reported in the literature.'® Zeng et al.
obtained multimode lasing with a threshold of 66.5 uJ cm™2 in
a PT-symmetry breaking design based on coupled pairs of
microdisk resonators with an engineered notch fabricated
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from a colloidal quantum dot (CQD) gain medium."® Ge et al.
obtained single mode lasing in an excitation range of
61.2-101.2 pJ ecm 2, when all but one of the lasing modes are
suppressed by the loss p-cavity of the PSP coupled to a fiber
resonator coated with a light-emitting molecule rhodamine.*®
The demonstrated design is not operating in the PT-symmetry
breaking regime, and all modes are suppressed by introducing
loss into the system, which also increases the threshold com-
pared to the case without loss. In the present work, layer by
layer deposition of the all-colloidal nanocomposite and close-
packed CQW smooth films in a carefully designed PT-sym-
metric microfiber resonator exhibits an enhancement of the
laser performance.

Conclusions

By studying the lasing properties of coreless microfiber-based
WGM microcavities with PT-symmetric arrangement in an all-
colloidal system, we found that the coating of a balanced loss
layer nanocomposite and a CQW gain layer around the microfi-
ber results in spectral purification, as well as enhanced coup-
ling into the gain medium resulting in low-threshold laser
emission. In addition, the proposed all-colloidal PT-symmetric
microfiber laser has a high level of directionality, thanks to its
strong waveguiding behavior along the axis of the microfiber.
In particular, the maximum achievable gain in the PT-sym-
metric system can be systematically enhanced with respect to
competing modes. For the first time in the PT-symmetric
systems using both colloidal gain and loss media, the pro-
posed all-colloidal architecture achieves balanced inherent
loss and is independent of the state of pumping. These find-
ings indicate that this PT-symmetric colloidal design may pave
the way for the use of low-cost, chemically tunable and flexible
colloidal materials in lab-on-chip, sensing and low-threshold
laser applications.
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